Observations of nonuniform photosynthesis across leaves cast doubt on intemal CO2 partial pressures (p) calculated on the assumption of uniformity and can lead to incorrect conclusions about the stomatal control of photosynthesis. The problem can be avoided by measuring pi directly because the assumptions of uniformity are not necessary. We therefore developed a method that allowed pi to be measured confinuously in situ for days at a time under growth conditions and used it to investigate intact leaves of sunflower (Helianthus annuus L.), soybean (Glycine max L. Merr.), and bush bean (Phaseolus vulgaris L.) subjected to high or low leaf water potentials (I,) or high concentrations of abscisic acid (ABA). The leaves maintained a relatively constant differential (Ap) between ambient CO2 and measured pi throughout the light period when water was supplied. When water was withheld, ', decreased and the stomata began to close, but measured p increased until the leaf reached a *w of -1.76 (bush bean), -2.12 (sunflower) or -3.10 (soybean) megapascals, at which point Ap = 0. The increasing pi indicated that stomata did not inhibit CO2 uptake and a Ap of zero indicated that CO2 uptake became zero despite the high availability of CO2 inside the leaf. In contrast, when sunflower leaves at high Iw were treated with ABA, pi did not increase and instead decreased rapidly and steadily for up to 8 hours even as I, increased, as expected if ABA treatment primarily affected stomatal conductance. The accumulating CO2 at low Iw and contrasting response to ABA indicates that photosynthetic biochemistry limited photosynthesis at low Iw but not at high ABA.
', decreased and the stomata began to close, but measured p increased until the leaf reached a *w of -1.76 (bush bean), -2.12 (sunflower) or -3.10 (soybean) megapascals, at which point Ap = 0. The increasing pi indicated that stomata did not inhibit CO2 uptake and a Ap of zero indicated that CO2 uptake became zero despite the high availability of CO2 inside the leaf. In contrast, when sunflower leaves at high Iw were treated with ABA, pi did not increase and instead decreased rapidly and steadily for up to 8 Water deficits have a large impact on plant growth and productivity by reducing leaf turgor, cell expansion, stomatal conductance, and photosynthesis and increasing ABA and solute concentrations in the tissues (2, 4) . Among these responses, the inhibition of photosynthesis is central and often thought to be caused by reduced stomatal conductance, perhaps because of high ABA, that limits the availability of CO2 inside the leaf (8-10, 29, 32, 33 biochemical capacity for photosynthesis also appears to be inhibited (2, 13 , and references therein), suggesting that photosynthesis may be limited by biochemical effects. The pi was measured continuously in the most recently expanded leaf in situ on plants 4.5 to 6 weeks old in the controlled environment under growth conditions. The measurement involved attaching a cup to the lower side of a leaf, allowing it to equilibrate with pi, and gently circulating the air in the cup through a gas analyzer in a closed circulation loop using a pulseless pump. The cup was sealed to the abaxial leaf surface with P/L. Tests showed that P/L did not infiltrate the intracellular leaf spaces of hydrated plants for at least several days. The pump (Fig. 1) 
Tests of the Method
The pi-measuring system was tested for leaks by sealing the cup with a glass plate or with a leaf coated with P/L. Tests for CO2 sorption to the interior walls of the cup and circulation system were conducted by flushing the sealed unit with C02-free air and noting the increase in CO2 concentration. The half-time for CO2 equilibration was determined by injecting a known amount of CO2 into the system and measuring the time to reach a new stable reading. The effect of cup attachment on leaf photosynthesis was measured with a gas exchange system (18) when P/L covered an area the size of the cup to simulate cup attachment or covered the entire underside. The ability of the method to give expected pi was determined by monitoring pi in an otherwise untreated intact sunflower leaf continuously during the day/night conditions in the growth environment.
Iw and Relative Resistance
Measurements of I' were made in the same leaves used to measure pi. A 4-cm2 leaf disc was removed from the interveinal tissue for determination of I' by isopiestic thermocouple psychrometry as previously described (13) . Before sampling for 'I', we measured leaf porosity using a viscous flow porometer (3) . The diffusive resistance of the stomata was estimated in relative terms from the square root of the time required for sufficient movement of air through the leaf to permit the pressure to increase from -0.47 to -0.27 kPa. The square root of the time gave the relative resistance that matched most closely the changes in diffusive resistance measured in the gas exchange system (18) 
RESULTS

System Tests
The system was leak free with a glass plate sealing the cup, but CO2 was sorbed by the internal surfaces. We observed a slow but steady increase in system CO2 concentration due to desorption from parts of the sealed system (0.68 Pa. h', Fig.  2A ). However, this rate was about 1% of the rate of CO2 exchange when the leaf covered the cup and, thus, was negligible. CO2 desorption from the analyzer alone was about 0.5 Pa h-' (corrected to the volume of the whole circuit, Fig. 2B ). Thus, most of the increase in system CO2 was due to desorption in the sample cell of the analyzer, probably from the rubber seals, and the silicone oil and tubing were essentially inert. When a leaf was coated with P/L and used to seal the cup, the response kinetics were similar to those when a glass plate sealed the cup, indicating that the P/L seals were leak free with the leaf and that P/L had negligible interactions with CO2 (in Fig. 2 , cf A and C). When CO2 was injected into the sealed system, the half-time for equilibration was 48 min. When an uncoated leaf of a hydrated plant was attached to the cup, the kinetics were faster than in the sealed unit and approached a stable pi with a half-time of 7 min (Fig. 2D) .
Placement ofthe cup on the lower side ofthe leafprevented a 10-cm2 area from participating in CO2 exchange during photosynthesis. Photosynthetic CO2 uptake measured on an intact leaf or the same leaf with 10 to 15 cm2 coated with P/L (about 6-8% of abaxial surface only) showed that the coating had an insignificant effect on the rate of photosynthesis or transpiration (Fig. 3) Figure 2 . Response kinetics of the pi-sampling system. A, System CO2 concentration at various times after sealing the cup with a glass plate; B, C02 concentration in the analyzer alone after sealing in the absence of the gas-pumping circuit and cup; C, system C02 concentration after sealing the cup with a leaf whose abaxial surface was coated with P/L; D, system C02 concentration after sealing with an attached sunflower leaf exposed to the light and having a high *w (-0.6 MPa). Note that measurement in B was in a smaller volume than in A, C, and D. The rapid initial increase in A and C was caused by residual C02 in the circuit rather than desorption from the system. (Fig. 4 , also see Fig. 2D ). When chamber lights were turned off, pi increased rapidly for 5 to 10 min to a level above ambient, followed soon by increased relative resistance as the stomata closed (Fig. 4) . After 20 min, the rate of CO2 release into the cup decreased, probably because ofthe increased resistance to CO2 diffusion. During reillumination, pi and resistance decreased rapidly, and Ap again stabilized at about 12 Pa below ambient. The cup was left attached to a leaf for as long as 96 h without apparent leaf damage or change in the basic pattern of measured pi.
These tests showed that the method could follow rapid changes in pi in leaves with a minimum of disturbance of leaf photosynthesis. Because the apparatus was nearly inert with CO2 and gave generally expected behavior during prolonged attachment to the leaf, it was suited to the following longterm studies of the effects of low on pi.
pi of Sunflower Leaves at Low
When water was withheld from the soil, pi decreased with Pa (Fig. SA) . The Ap initially increased slightly (about 2 Pa) as stomatal resistance increased (Fig. 5A) There were four replications. relative resistances (U) also are shown. In C, the hatched area was covered with P/L, but the clear area was not so that nonuniform gas exchange occurred. The plant was last watered the evening before the measurement in A. Bars, when present, ± 1 SD. Data are typical for three to six repetitions. c-50 / After rewatering, pi decreased usually within 10 to 20 min, indicating recovery of photosynthetic activity (Fig. 5A) (Fig. SC) . and a lower pi during the day, but the overall pi response was similar for the two species at high 'K (Fig. 6A versus Fig. 4) . The Ap was about 26 Pa at high T', and, as 'K decreased to -1.88 MPa, relative resistance increased and Ap decreased to 22 Pa (Fig. 6B) (Fig. 7A) . At a 'K of -1.44 MPa, bush bean maintained a Ap of 18 Pa (Fig. 7B) . As the plant dehydrated further, pi increased until the leaf was unable to reduce pi below Pa 
DISCUSSION
In these experiments, we directly measured pi in situ while leaves were subjected to low 'K or high ABA. The treatments were sufficient to inhibit photosynthesis to near zero (1-3, 5, 8-10, 13, 18, 24-27, 30, 31, 34) . As *I', decreased, stomata began to close but had little or no effect on pi relative to Pa. Soon, however, pi increased and Ap decreased, eventually approaching zero. Thus, pi was no more limiting for photosynthesis than it was at high T', and, indeed, internal CO2 became more available as 'w decreased. At no time did stomatal closure cause CO2 to decrease enough to significantly affect photosynthesis regardless of the species.
Several investigators (8-10, 29, 32, 33) [10, 29] , fluorescence [8, 9] , starch accumulation [31] ) measure nonuniform photosynthetic activity that may be due to nonuniform biochemical activity or translocation rather than nonuniform stomatal behavior.
Because CO2 is one of the substrates for photosynthesis and passes through the stomata, the only way that stomatal closure can inhibit photosynthesis is to decrease pi. Our The measuring system could detect large changes in pi in the dark when stomata were tightly closed even in dehydrated plants, and thus, the system would have detected a stomatal effect if it had occurred. A transient effect of closure also would have been detectable but was absent except in sunflower, where it was too small to affect photosynthesis significantly. On the other hand, the nearly complete loss of photosynthetic biochemical activity was clearly evident, although we were unable to determine what aspect(s) of metabolism eliminated photosynthetic activity. However, it was not lost because of nonreversible changes in leaf metabolism or structure because the CO2 gradient was rapidly reestablished after rewatering.
In contrast, feeding ABA to the petioles of excised leaves at high 'K simultaneously decreased stomatal porosity and increased Ap, indicating that decreased stomatal conductance to CO2 could have been the sole effect of ABA, which has been shown by others (10, 26, 31) . As a consequence, although low 'K and ABA feeding both caused stomatal closure, the effects on pi were markedly different and showed that ABA treatment does not duplicate the effects of low 'K.
We found no evidence for reduced biochemical activity in ABA-treated leaves, in agreement with data from intact leaf tissue (13) , isolated cells (19) , and chloroplasts (15, 26) . However, the stomatal closure at high ABA was similar to that at low 'K, perhaps because leaves develop high ABA concentrations at low 'K (14, 23) . In addition, however, the low 'I', treatment had a low leaf water content (12) , shrunken mesophyll cells ( 12) , collapsed intercellular spaces ( 12), and probably some cell lysis (12, 16 ). Concentrations of nonmetabolizable cell constituents would have increased in the viable cells because of the water loss (24) . Therefore, the difference in pi response between leaves at low *I', and leaves treated with high ABA is probably attributable to these dehydration effects at low 'K that were not present with high ABA because the mesophyll cells remained at high hydration levels and high 'W.
Some ofthe effects ofABA feeding also have been attributed to nonuniform stomatal closure (10, 31, 34) . Our simulation of nonuniform closure should have had no effect on the photosynthetic biochemistry other than to restrict CO2 availability. The decrease in measured pi and increase in Ap caused by the simulation resembled that caused by ABA and is consistent with observations that ABA feeding can cause nonuniform stomatal closure (10, 31, 34) . However, suggestions that ABA alone and/or nonuniform closure are responsible for the effects of leaf dehydration (5, 26, 27, 34) are not supported by our results.
Our measurements of pi were made continuously and could be carried out for long times under growth conditions with no alterations to the plant. This has obvious advantages for experiments because, although photosynthesis was decreased slightly in the area above the cup, the impact on photosynthesis for the whole leaf was not significant. Therefore, the response of pi and Ap should have been a valid indication of the behavior of pi in the undisturbed leaf. However, the decreased gas exchange above the cup indicates that pi likely was somewhat less than in the undisturbed leaf. More work will be required to determine the relationship of the measured pi to the actual pi in an undisturbed leaf.
If stomatal closure or photosynthetic metabolism were nonuniform above the cup, the pi would necessarily be an average rather than an indication of a particular pi region. In the simulation of nonuniform closure (Fig. 5C) LITERATURE CITED
